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SUMMARY:
Subretinal injections are an indispensable technique for preclinical development of therapeutics for photoreceptor and RPE diseases. We describe an optimized transscleral subretinal injection technique in mice that improves intraoperative success rates and minimizes retinal damage.

ABSTRACT:
The conventional method of material delivery to the subretinal space in the mouse involves dual perforation of the neural retina, which causes extensive surgical damage. This leads to variability in the subsequent outcome measures of the visual function, such as electroretinogram (ERG) recordings or behavioral vision assays, which confound efficacy assessments of experimental therapeutics. To overcome these barriers, we optimized a transscleral minimally invasive subretinal injection technique in mice. In this technique, the superior fornix is accessed using a custom-made tungsten wire eyelid speculum to perform conjunctival peritomy and tenotomy. A pinpoint sclerotomy is made using a diamond knife without penetrating the retina, through which a fine glass needle is carefully inserted at a shallow angle. The payload is delivered to the subretinal space using a microinjection pump. Optical coherence tomography (OCT) is used to assess the size and position of the subretinal bleb immediately following injection. We compared the outcomes of this technique to the conventional transretinal method performed using a spring-loaded syringe with a 33G needle sclerotomy. ERG recordings indicated excellent preservation of retinal function in transsclerally-injected mice, comparable to that of uninjected control mice. In contrast, an appreciable ERG signal reduction was observed in the conventionally injected cohorts. In summary, we have optimized a minimally invasive technique for subretinal injection in mice. We demonstrate that this technique is a robust and efficient method for gene therapy administration that minimizes anatomic damage to the retina and has minimal impact on retinal function. This method lowers the threshold for the development of therapies targeting both the retinal pigmented epithelium and photoreceptors to treat a wide range of retinal and macular diseases.

INTRODUCTION:
Subretinal injection is an ocular surgical procedure in which material is delivered to the potential space between the retina and the retinal pigmented epithelium (RPE). Compared to other methods of drug delivery to the posterior segment, such as intravitreal or suprachoroidal injections, subretinal injections achieve the most immediate access to both the photoreceptors and the RPE. For delivery of viral gene therapy particles, subretinal injection achieves much higher rates of photoreceptor and RPE transduction, which allows for lower viral titers and reduced risk of viral toxicity1. Additionally, the subretinal space is anatomically confined, limiting the systemic spread of viral particles and lowering the risk of immune responses2. In humans, the safety profile of subretinal injections is very favorable, with retinal structure and function recovering to baseline levels within 1 month post-injection3,4. Subretinal injections are used in a number of applications, such as stem cell transplantation and small molecule drug delivery2, with their most common use being the delivery of viral vectors for gene therapy treatments of retinal diseases. The relatively low viral titers, minimal systemic exposure, and high rate and specificity of transduction associated with subretinal injections have made them an indispensable technique in the retina field. Subretinal injections are successfully used in patients for the treatment of inherited retinal disorders, including retinitis pigmentosa and Leber congenital amaurosis5,6.

Given its importance to the field, the ability to perform subretinal injections in mice is crucial for preclinical studies investigating therapies for inherited retinal diseases. However, current methods for mouse subretinal injections have high failure rates and often cause surgical damage to the retina, which may limit the reliability and consistency of functional outcome measures. Conventionally, subretinal injections in rodents are performed transretinally, such that the needle penetrates the anterior retina, passes by the lens, and enters the subretinal space as a result of a second penetration of the retina7,8 (Figure 1A). While relatively easy to perform, this procedure introduces marked inconsistency in experimental outcomes due to the variable extent of surgical damage. This is particularly limiting for studies utilizing behavioral and functional vision outcome measures. In addition, the crystalline lens is disproportionately large in mice compared to humans; this significantly increases the risk of damage to the lens during transretinal injection, rendering the animal unusable for functional vision assessments4.

An alternative option is the transscleral injection route, which avoids these issues by accessing the subretinal space using a posterior approach, where the needle penetrates the sclera, choroid, Bruch’s membrane, and the RPE4,9 (Figure 1B). This approach minimizes retinal damage by completely avoiding retinal penetration. It is also associated with reduced reflux of injected material from the subretinal space10, which allows for more consistent results and smaller experimental cohorts. Although the technique for transscleral subretinal injection in mice has been previously described in the literature, its widespread adoption remains limited by its technical difficulty, which can impede the success rate4. Here, we describe several improvements to the transscleral injection procedure, which make it easier and faster to perform, reduce the experimental variability, and improve injection success rates. These improvements include the development of a mouse eyelid speculum, preoperative administration of atropine, creation of a pinpoint sclerotomy using a diamond knife, and optimization of needle size and injection approach. This technique achieves excellent viral transduction coverage of photoreceptors and the RPE, without causing any surgical impact detectable by ERG.

PROTOCOL:
All experiments were performed in accordance with the Duke University Institutional Animal Care and Use Committee and the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research.

1. Animal preparation

1.1 Administer an intraperitoneal injection of 1 mg/kg of atropine (in a total volume of 50 µL) 30 min prior to performing the subretinal injection. This step greatly increases success rates by preventing potentially lethal oculocardiac and oculorespiratory reflexes triggered by transient intraocular pressure elevation during the injection11,12. 

NOTE: Our atropine dosage is optimized for C57BL/6 mice and may need to be adjusted for other mouse strains. We have not observed any appreciable sex or age differences in atropine dosing.

1.2 During the entire procedure, keep the mouse on a warm surface to maximize animal comfort and reduce cold cataract development. 

1.3 Anesthetize mouse using 2% inhaled isoflurane in oxygen (2 L/min) until recumbency is observed and animal is no longer responsive to toe-pinch. Apply a drop of 0.5% proparacaine to the eye for topical anesthesia.

1.4 Apply a drop of the mixture of 0.2% cyclopentolate and 1% phenylephrine to the eye to dilate the pupil for postoperative imaging of the subretinal bleb by OCT. Phenylephrine also serves to reduce intraoperative bleeding by constricting superficial blood vessels13.

2. 	 Lateral canthotomy 

2.1 Prior to starting the procedure, load a glass microneedle with the desired volume of solution to be injected. Attach the needle to the microinjector, with compensation pressure set at 5 hectopascals (hPa) to counteract capillary action. We typically use 1 µL volumes for subretinal injections.

2.2 Place the mouse under a dissecting stereomicroscope. Use 20x magnification for steps 2.3-2.6 and 50x magnification for steps 2.7-3.5.

2.3 For young mice, perform lateral canthotomy prior to the procedure, in order to provide ample access and visualization of the surgical site.

2.4 Expose the superior fornix with the help of a custom-made miniature wire-speculum (Figure 1C). Immobilize the speculum to allow hands-free upper eyelid retraction.

2.5 Using angled Vannas scissors, perform a paralimbal incision (~1 mm posterior to the limbus) in the superior conjunctiva and Tenon's capsule to expose the superior 3-4 clock hours of the sclera. Take care to avoid puncturing the retro-orbital venous sinus. Remove any remnants of Tenon’s capsule overlying the intended injection site carefully but thoroughly.

2.6 Grasp the anterior edge of the conjunctival peritomy and tenotomy with locking toothed forceps and inferoduct the globe gently to expose the superior sclera. Immobilize the locked forceps to allow hands-free inferoduction.

2.7 Apply a drop of balanced buffered saline (BSS) immediately to the eye to prevent the bare sclera from drying. We also find the optical magnification produced by the BSS droplet to be helpful.

2.8 Using a diamond knife, make a pinpoint sclerotomy at ~12 o'clock and ~1-2 mm from the limbus. Position the blade in a tangential plane with respect to the sclera to ensure the sclerotomy is as small and shallow as possible. 

NOTE: This is done for two reasons: (1) a small sclerotomy allows for a tight fit of the glass needle, thereby reducing reflux during the injection step, and (2) a shallow sclerotomy is critical to avoid penetrating the retina. Note that a small amount of choroidal blood may appear at the sclerotomy site, which does not connote any negative implications for the outcome of the procedure.

3. Transscleral subretinal injection 

3.1 In preparation for injection, use a surgical sponge to gently remove all BSS from the eye surface.

3.2 Hold the needle bevel-down at a shallow angle to the sclera and introduce the tip slowly and carefully into the sclerotomy to access the subretinal space. In order to avoid penetrating the retina, do this at a relatively shallow angle and just deep enough to clear the sclerotomy opening by 0.5-1 mm. 

NOTE: The bevel of the needle is positioned downward in order to minimize the possibility of choroidal delivery and to reduce the probability of puncturing the retina with the advancing needle tip.

3.3 While holding the needle in a steady position, initiate injection at 500 hPa using a foot-pedal and maintain uninterrupted pressure for 15 s.

3.4 To finish the injection, maintain injection pressure until the needle is completely removed from the sclerotomy. If the pressure is prematurely discontinued while the needle is still in the subretinal space, a large portion of the injected payload can quickly exit the eye back into the needle by capillary action.

3.5 Once the needle is withdrawn, notice a partial reflux of the injected solution through the sclerotomy site. This is expected, given that 1 µL volume exceeds the capacity of the subretinal space even in adult mice. Absence of reflux may indicate a failed injection due to inadvertent choroidal or intravitreal delivery.

3.6 Remove the locking forceps and the eyelid speculum from the eye. Take care to avoid applying pressure to the globe, as it may cause further reflux of the injected solution.

3.7 Immediately following the injection, apply ample lubricant eye ointment to the eye to allow for visualization of the subretinal bleb by OCT14.

3.8 Apply topical erythromycin ointment to the eye and provide general post-operative care to the animal.

RESULTS: 
A successful injection using this transscleral technique generates a subretinal bleb observable on OCT immediately following the injection procedure (Figure 2A). Given the technical challenge of this technique, the imaging step is indispensable for identifying successfully injected animals. For researchers who plan to use this technique for gene therapy experiments, we recommend performing practice injections with adeno-associated virus (AAV) particles encoding a fluorescent reporter gene. AAV particles injected using this technique achieve a very large transduction area of RPE (Figure 2B), photoreceptors (Figure 2C,D), or a combination thereof (Figure 2E,F). The transduced area typically extends from the ora serrata superiorly to beyond the optic nerve head inferiorly. As with any subretinal injection technique, the transduction efficiency is typically distributed unevenly, peaking in the area at the center of the bleb and gradually decreasing away from the center (Figure 2B-G).

When preparing for experiments utilizing a new AAV stock, we recommend first performing an immunofluorescence-based titer-optimization study in WT mice. The ideal viral titer achieves the transduction of ~90% of the target cell population. At this multiplicity of infection, the therapeutic effect is maximized while preventing avoidable overexpression toxicity and the immune response to the viral capsids. Photoreceptor transduction can be evaluated in either retinal cross-sections (Figure 3) or whole mounts, whereas RPE transduction can be properly evaluated only in flat mounts. In the case of cross-sections, it is necessary to examine single confocal z-sections, as opposed to an image stack containing multiple layers of superimposed cell bodies.

A major strength of this technique is that it is minimally invasive. In properly injected animals, OCT performed months after the procedure typically shows little to no surgical damage, aside from the small focal RPE defect corresponding to the injection site. This is also favorably reflected in ERG measurements of retinal function, whereby eyes injected using this technique produce responses indistinguishable from those of non-injected eyes, while eyes injected transretinally by the same surgeon display notably reduced ERGs (Figure 4).

FIGURE AND TABLE LEGENDS:
Figure 1: Surgical setup of the transscleral subretinal injection technique. The conventional transretinal injection approach involves (A) two retinal perforation events, as indicated with red arrows, (B) both of which are avoided in the transscleral technique. (C) Murine eyelid specula used in this method are custom-made from fine tungsten wire. Photographs of a speculum visualized from three different angles are shown. (D) Size comparison between a metal 34G Hamilton needle (outer tip diameter: 159 μm) and a pulled glass micropipette (outer tip diameter: 50 μm).

[bookmark: _Hlk198899951]Figure 2: Representative data from mice injected using the transscleral injection technique. Subretinal blebs are visualized immediately post-operatively to determine the success of the injection procedure. (A) A typical bleb size far exceeds the range of a single OCT capture screen; for visualization purposes, shown here is a small peripheral area of a large subretinal bleb. WT adult mice were injected with (B) AAV8-Best1-GFP to target the RPE, (C,D) AAV8-Rho-GFP to target rod photoreceptors, or (E,F) AAV8-CAG-mCherry for generalized expression. Fluorophore expression was assessed at 3 months post-injection with (B) fluorescence microscopy of flat mount RPE, (C,E) fluorescence microscopy of cross-sectioned retina, or (D,F) fundus fluorescence photography. Circles in B and D indicate the optic nerve head. Green arrows in D and F are OCT scan markers (not shown). (G) WT adult mice were injected with AAV8-Rho-GFP or mock-injected, and 2 mm retinal punches were collected from the injection site. Protein lysates from the punches and the remaining retinas were analyzed by Western blotting with antibodies against GFP. β-Actin served as a loading control.

Figure 3: AAV titer optimization in mice injected using the transscleral injection technique. WT adult mice were subretinally injected with undiluted AAV stock containing 1 x 1014 genome copies/mL, as well as its 1:10 and 1:100 dilutions. For evaluation of the percentage of transduced photoreceptors, retinal cross-sections from the superior mid-periphery were imaged by immunofluorescence microscopy. Based on these results, the 1:10 dilution of AAV stock was selected as the optimal viral titer. Scale bars: 100 μm.

Figure 4: Transscleral injection technique does not affect ERG recordings in injected eyes. Adult WT mice were subretinally injected with equal amounts of AAV1-Best1-GFP using the technique described versus the conventional transretinal injection method employing a spring-loaded syringe following a 33G needle sclerotomy. Retinal function in injected mice and uninjected controls was assayed by measuring (A) scotopic ERG a-waves and (B) scotopic ERG b-waves. A total of seven eyes were analyzed for each group. Post-hoc Tukey comparison was performed between uninjected and conventional injection techniques, as well as between the described technique and conventional injection techniques. #p > 0.05, *p < 0.05, **p < 0.01. Error bars represent SEM.

DISCUSSION:
The technique described here introduces several improvements to the previously described transscleral injection approach4, which enhance the reliability of the procedure and further reduce surgical damage to the eye. One such improvement is the usage of a speculum to retract the upper eyelid, allowing for stable, unencumbered, and hands-free access to the eye. Commercial specula are often poorly optimized, even for adult mice, and outright unavailable for juveniles. To overcome this obstacle, we designed custom-made specula (Figure 1C), which we manufacture using commercially available fine tungsten wire, given its small diameter and remarkable stiffness. This improves the ease of performing the procedure, increases the success rate, and significantly reduces the time and effort spent per injection. Similarly, we use locking toothed forceps to inferoduct the globe, exposing the injection site in a stable and hands-free manner. The combination of the upper lid speculum and the locking forceps allows the surgeon to perform the sclerotomy and the injection bimanually, which is of great advantage for maximizing the success of this delicate procedure.

Secondly, many subretinal injection protocols use a metal needle4,15,16; however, even the finest commercially available metal needles are very large relative to the small and fragile tissues involved in this procedure. For example, a 34G Hamilton needle has an outer diameter of 159 µm, which is over 2/3 of the retinal thickness in a mouse. Instead, we use pulled glass micropipettes, which can be manufactured to have incredibly narrow tips ranging from 0.5 µm to 75 µm in diameter17 (Figure 1D). Our protocol uses glass needles with a 50 µm outer and a 25 µm inner tip diameter for AAV gene therapy delivery, although the diameter may need to be optimized for larger materials, such as stem cells18. The smaller needle diameter allows for the use of smaller sclerotomies, which helps to achieve larger blebs by reducing the backflow of the injected material15. While glass needles can be easily pulled in-house, most laboratories do not have the capability to ensure consistent needle tip diameter and a smooth, angled bevel. These variables are important in determining the optimal injection pressure (diameter) and surgical approach (smooth beveled tip). For these reasons, we recommend using commercially available glass needles. 

Thirdly, the majority of existing transscleral subretinal injection methods use the needle tip to create the sclerotomy7,8,15,16; however, due to the coarseness of the needle tip, this requires appreciable force to be applied to the sclera. This greatly increases the probability of inadvertently puncturing the retina once the penetrated sclera recoils from the pressure and moves back toward the needle. Furthermore, the size of the sclerotomy created using the needle tip is excessively large, allowing for reflux of the injected solution both during injection and after removal of the needle15. Finally, reusing the needle can cause dulling of its tip, further worsening the above-mentioned issues. To avoid these challenges, we use a clinical-grade diamond knife designed for corneal refractive surgeries. The incredibly sharp, pointed tip of the diamond knife allows the surgeon to create a pinpoint sclerotomy with a very small force exerted on the sclera. This avoids any rebound of the sclera, thereby giving the surgeon control of the depth and width of the sclerotomy. High precision sclerotomy reduces failure rates and ensures large bleb sizes by minimizing reflux during and after the injection.

Finally, we found that the creation of an ideal subretinal bleb using the transscleral technique often induces potentially fatal oculocardiac and oculorespiratory reflexes, which are triggered by the transient elevation of intraocular pressure in response to the injection. Mediated by the parasympathetic system, the oculocardiac reflex results in bradycardia or dysrhythmia12 and the oculorespiratory reflex causes bradypnea or apnea11. The oculocardiac reflex, in particular, is well known in the clinical context of ocular trauma and extraocular muscle entrapment. Together, these two reflexes can cause the unintended death of the experimental animal immediately following the injection, particularly if the injection is performed well and a large bleb is created. Therefore, to assure the survival of experimental animals, we prophylactically suppress these reflexes by administering intraperitoneal atropine ~30 min prior to the start of the procedure. Atropine is an anticholinergic agent that suppresses the parasympathetic nervous system through its antimuscarinic activity13. By preempting the potentially lethal overaction of the efferent limb of the oculocardiac and oculorespiratory reflexes, we achieve >95% survival of injected animals.

Compared to the conventional transretinal injection method, a major drawback of the modification of the presented technique is its steeper learning curve. The greatest challenge for learners is exercising firm control of fine movements during the sclerotomy and the injection steps of the procedure. To create a pinpoint sclerotomy, the 20-30 µm-thick sclera must be punctured without incising the nearby 200-250 µm-thick retina, which is rather challenging technically. Accessing the subretinal space with the tip of the needle is also not trivial. An angle that is too shallow or too deep may result in choroidal or intravitreal injection, respectively. Nevertheless, in our experience, a trained investigator is able to achieve success rates of approximately 90% in adult mice, 75% in p21 mice, and 50% in p14 mice, with the average of 5-7 min spent per injection. However, it is worth noting that the success rate and speed of the technique are somewhat lower in mouse models of retinal degeneration, primarily due to the higher likelihood of penetrating the thinned atrophic retina and inadvertently depositing the payload into the vitreous cavity. This underscores the importance of validating the injection outcomes using OCT imaging. Another potential complication of the transscleral injection approach is the possibility of choroidal neovascularization developing at the injection site due to penetration of Bruch’s membrane. However, in our experience, this is an extremely rare (<1%) occurrence in mice. Finally, it is worth noting that, while the technique can be carried out by a solo surgeon, its speed and success rate are tremendously improved by the participation of an assistant.

Certain variables in the transscleral injection technique should be optimized for ideal outcomes by each investigator. This primarily includes the optimization of injection pressure and duration. The injection pressure should be sufficiently high to overcome the narrow diameter of the needle tip, the intraocular pressure, and the tissue resistance of the murine eye, while minimizing retinal stretching and damage caused by high pressure and fluid flow15. The exact pressure to use may depend on needle diameter and bevel angle, viscosity of the delivered solution, mouse retinal phenotype, etc. We typically use an injection pressure of 500 hPa, with the range of 400-1,000 hPa generally yielding good results. We recommend performing the injection by administering continuous pressure for 15 s to maximize the bleb size. In our experience, shorter injection times typically result in smaller subretinal blebs, whereas longer injection times do not yield larger blebs while increasing the risk of unintended surgical damage. Additionally, investigators may find it necessary to explore different pipette tip diameters and bevels to optimize outcomes15. We prefer the 30° bevel oriented downward, because it minimizes the probability of intravitreal injection. This bevel angle is similar to the shallow angle between the needle and the sclera, thereby orienting the plane of the bevel parallel to the retina. Thus, any excessive force exerted on the retina by the advancing needle is distributed along the flat surface of the bevel, reducing the probability of inadvertent puncture of the retina.

Altogether, the modifications to the transscleral subretinal injection technique allow for improved efficiency and precision of the injection procedure. In the hands of a practiced surgeon, this is a high-throughput technique that achieves superior outcomes with minimal variability.
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